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ABSTRACT 
Large-scale purification/separation of bio-substances is a key technology required for rapid 
production of biological substances in bioengineering. Membrane filtration is a new separation 
process and has potential to be used for concentration (removal of solvent), desalting (removal of 
low molecular weight compounds), clarification (removal of particles), and fractionation 
(protein-protein separation). In this study, we developed an efficient membrane for protein 
separation based on ceramic nanofibers. Alumina nanofibers were prepared on a porous support and 
formed large flow passages. The radical changes in membrane structure provided new ceramic 
membranes with a large porosity (more than 70%) due to the replacement of bulk particles with fine 
fibers as building components. The pore size had an average of 11 nm and pure water flux was 
approximately 360 L·h-1·m-2·bar-1. Further surface modification with a self-assembled monolayer of 
(3-aminopropyl) triethoxysilane enhanced the membrane filtration properties. Characterization with 
SEM, FTIR, contact angle, and proteins separation tests indicated that the fibril layers uniformly 
spread on the surface of the porous support. Moreover, the membrane surface was changed from 
hydrophilic to hydrophobic after silane groups were grafted. It demonstrated that the silane-grafted 
alumina fiber membrane can reject 100% BSA protein and 92% cellulase protein. It was also able to 
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retain 75% trypsin protein while maintaining a permeation flux of 48 L·h-1·m-2·bar-1.  
Keywords: alumina nanofiber; membrane; protein separation; silane grafting; bovine serum 
albumin 
1. Introduction 
Highly efficient protein purification is becoming increasingly important in the field of 
bioseparation engineering, particularly for pharmaceutical, food, and medical applications [1-3]. 
Protein separation from biological mixtures, such as biological reaction media or tissue extracts, is 
technically challenging and is often a critical limiting factor in large-scale biological production. 
Conventional separation techniques involve labor-intensive processes, such as precipitation, 
filtration, centrifugation, crystallization, and resolution-focused affinity chromatography and 
electrophoresis purification [4-6]. With recent progress in separation technology and advanced 
materials, membrane filtration has attracted much attention due to the potential for improvements in 
energy savings, operation costs, and environmental impact.  
Membrane technology used for protein separation is dependent on both the properties of 
membrane materials and the proteins, including size differentiations, surface charges, and 
interactions. The bulk of research papers focus on separating proteins from water, which is usually 
adopted as a model system and quite similar to what is found in the industry. Currently available 
ultrafiltration membranes have pore sizes between 1 and 100 nm and frequently use polymer 
materials due to low cost and ease of fabrication. For these materials the selectivity can be 
maintained above 90% but the permeation flux is usually below 1 L m-2h-1·bar-1 and a high 
trans-membrane pressure up to 1 MPa is required [7-10]. The development of membrane materials 
is urgently needed for high-throughput protein separations, especially for proteins with diameters of 
1-10 nm and sensitive to minor differences in protein properties.  
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The development of advanced membranes with narrow pore-size distributions could make 
protein separation more feasible. Many innovative techniques have been developed to enhance the 
efficiency of membrane processes. Among new-structural membrane materials, electrospun fibers 
of polymers or hybrids have been used to improve membrane performance [11-18]. The mesh 
structure significantly promotes the permeation flux while maintaining the high selectivity because 
of the high porosity (more than 70%) and the thin separation layer which can be used as a top layer 
on a macroporous support. A drawback of electrospun meshes is that pore sizes less than 100 nm are 
difficult to obtain, hence limiting their use in direct separation of proteins. Moreover, membrane 
fouling is unavoidable even after surface modifications to alter the hydrophilicity, charge, roughness, 
or through the introduction of biomimetic surface functionality [3,19-23].  
To address the size limitation of the polymeric fibers, we pioneered the fabrication of inorganic 
fibrils as the top layer of ceramic membranes, imparting the pore size of separation layer to 
nanometer scale. The resultant membranes exhibited high performance in several typical 
applications such as particle sequence, dye degradation, proteins classification, and DNA separation 
[24-28]. These mixtures to be separated are very fine with the diameters around 1- 100 nm. The 
permeate flux is more than 10 L m2 h-1·bar-1 under a low trans-membrane pressure of less than 0.05 
MPa while maintaining a selectivity greater than 90%. Furthermore, surface modifications for these 
fiber membranes are envisaged to provide many new functions. Nanofibrous films of composite 
materials thus offer great potential for novel applications by adding optical, biological, electrical 
and/or magnetic functionality [29-33]. With this in mind, we aimed to apply modified nanofiber 
membranes to protein separation.  
In this study, alumina nanofiber membranes are prepared on porous support. To combine the 
sieving effects and surface properties of the fiber membranes, the fiber surface of the membranes 
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will be grafted with silane groups to improve selectivity while keeping a high permeating flux. Gel 
permeation chromatography (GPC) is used to indirectly determine the pore size, and surface 
contacting angle analysis for measuring the wetting property of membrane surface. The 
performance of the resultant fiber membranes are assessed by tangential flow filtrations of proteins 
involving bovine serum albumin (BSA), cellulase, and trypsin. The contributions to membrane 
performance of narrow pore size and surface property are analyzed quantitatively, which elucidate 
the key influencing factor of filtration efficiency for protein separation. 
 
2. Experimental 
2.1 Materials 
All the chemicals used were commercially purchased and used without any further purification. 
Bovine serum albumin (BSA) powder, cellulase from Trichoderma viride, trypsin from bovine 
pancreas, and (3-aminopropyl) triethoxysilane (APTES) were purchased from Sigma Aldrich. 
Dextran from Leuconotoc mesenteroides of Molecular Weight (M.W.) 10,000, 40,000, 70,000 and 
500,000 g mol-1 were also purchased from Sigma Aldrich. NaAlO2 and acetic acid were of 
analytical grade. Phosphate buffer saline (PBS) was prepared with NaH2PO4, Na2HPO4 and 
KH2PO4. The α-alumina porous supports were supplied by the Membrane Science and Technology 
Research Centre of Nanjing University of Technology; the supports have a mean pore size of 0.7 
μm with 30 mm in diameter and 2 mm in thickness. 
2.2 Synthesis of alumina nanofiber membrane 
2.2.1 Synthesis of boehmite nanofiber 
Boehmite nanofibres were prepared by a steam-assisted wet-gel conversion process [34]. 
Aluminum hydroxide gels were precipitated from aluminum salts and organic basic solutions; the 
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pH value of the mixture was precisely adjusted to 5.0. Typically, 30 g of Al(NO3)3·9H2O was 
dissolved in 100 mL deionized water and then 20% tetraethylammonium hydroxide (TEAOH) 
solution were added dropwise under vigorously stirring to control the desired pH value. The white 
precipitates were recovered by filtration. The as-prepared solid wet gels were transferred to a glass 
beaker (25 mL) and put into a Parr autoclave (125 mL volume), where 2 mL of water was added in 
the bottom of the vessel. The autoclave was sealed and put into an oven. The reaction was 
conducted for 3 days at 170 oC. The obtained wet products were washed with demonized water for 
three times and ethanol once. The prepared boehmite nanofibers were calcined at 500 oC for 5 hours 
to convert into γ-Al2O3 phase for further characterization. 
2.2.2 Synthesis of alumina nanofiber membrane 
The prepared boehmite nanofibers were coated on the surface of α-alumina supports. The 
nanofibers of 0.2 wt % in ethanol were loaded by spin coating (WS-400B-6NPP-Lite, Laurell). The 
coating on the top surface was applied at a spinning speed of 1000 r/min for 30 seconds and 
approximately 0.5 mL of the boehmite suspensions were used for each coating [24-28].  
The boehmite nanofiber membrane was then placed in muffle furnace for subsequent 
calcination at 500 oC for 5 hours with a ramp temperature of 1 oC min-1. After that, the boehmite 
nanofiber layers were converted into γ-Al2O3 phase and closely attached to the surface of supports.  
2.2.3 Surface modification of alumina nanofiber membrane 
The silane groups were introduced to modify the surface of the prepared alumina nanofiber 
membranes. The experiment procedure was as follow: alumina nanofiber membranes were 
immersed into the anhydrous toluene with an addition of 0.9 g of APTES liquid. The temperature of 
this system was controlled to 110 oC for 48 hours under stirring with an oil-bath. The recovered 
membranes were rinsed with ethanol and dried in air at 60 oC.  
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2.3 Characterization 
The wide-angle X-ray diffraction (WAXRD) patterns of powder samples were measured on an 
X-ray diffractometer (XRD, Philips Panalytical X’Pert Pro) using Cu Kα radiation and a fixed 
power source at 40 kV and 40 mA. Samples were analyzed over 2θ of 4-70° in a step of 2.5° per 
minute. TEM images were obtained with a JEOL JEM-2100 transmission electron microscope 
operating at an accelerating voltage of 200 kV. All the samples were dispersed in 95% ethanol and 
deposited onto a copper microgrid coated with a carbon film. The field emission scanning electron 
microscopy (FESEM, JEOL JSM-7001f) was utilized to directly observe the morphology of the 
membrane surface. The surface contact angle was analyzed by a Nanotech FTA200 Contact Angle 
Analyzer. All samples were dried in air at 60 oC overnight prior to the test. The GPC chromatogram 
were obtained from Waters HPLC system using RI detector and running 0.2 M sodium dihydrogen 
phosphate (0.2 M NaCl solution; pH 7.0) at 1 mL min-1. Waters ultra-hydrogel 120 and linear 
columns were used in series at 30 oC. A standard curve of dextran solutions was created prior to 
sample analysis. 
2.4 Separation performance of nanofiber membranes 
The permeability efficiency was determined by water flux initially using a peristaltic pump. In 
this experiment, deionized water was pumped through the loaded membrane with an effective 
diameter of 20 mm and the flow rates were recorded as well as trans-membrane pressure. Pore size 
distributions of the membranes were determined by the liquid-liquid displacement method [35,36]. 
The standard dextran solutions were employed in the retention test of membranes. Dextrans of 
four different molecular weights were selected for the cut off test, which are 10,000, 40,000, 70,000 
and 500,000 g mol-1, respectively. The standard dextran solutions of 1000 ppm were employed as 
penetrations under a stable pressure of 1 MPa. The concentrations of penetrated dextran solutions 
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were measured by a gel permeation chromatography (GPC). The molecular weight cut off (MWCO) 
was determined by comparing the concentration of penetrated dextran solutions with the original 
dextran solutions. 
Membrane separation efficiency was determined using permeations of various protein 
solutions. BSA, cellulase and trypsin solutions were employed in the test, corresponding to different 
molecular weights of 66 kDa, 45 kDa and 23.8 kDa (atomic mass unit, 1000 Dalton), respectively. 
The protein concentration was determined by a UV/Vis spectroscope and a standard curve was 
prepared prior to sample analysis. The separation efficiency was determined by comparing the 
concentration of penetrated protein solution to feeding solution.  
3. Results and discussion 
3.1 Synthesis of alumina nanofibers 
 
Fig.1. TEM images of boehmite fibers (a) and selective area electronic diffraction (b). 
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Fig.2. XRD patterns of (a) boehmite fibers (b) γ-alumina fibers and (c) silane-grafted alumina fibers 
 
Figure 1 shows the TEM image of nanofibers and exhibited clearly the morphology of 
one-dimensional boehmite structure. The dimensions of the boehmite nanofibers were observed to 
have a diameter of 10 nm and a length of 300-600 nm. The selective area electronic diffraction 
indicated that the perfect crystalline phase, consistent with the lattice index of boehmite [34]. 
Figure 2 shows the XRD patterns of nanofibers prepared from wet gel precipitates at pH 5.0. 
All the diffraction peaks of boehmite fibers (Fig.2a) matched well with the standard pattern of 
boehmite (JCPDS PDF No. 21-1307). The diffraction peaks of samples calcined at 500 oC (Fig.2b) 
also correlated well to a standard pattern of γ-alumina (JCPDS PDF No. 10-0425), confirming the 
formation of the γ-alumina phase crystals [37,38]. After grafting with silane groups, the diffraction 
pattern (Fig.2c) did not change obviously, indicating that the grafting process had no significant 
influences on the crystalline phase of γ-alumina fibers. 
3.2 Synthesis of alumina nanofiber membrane 
3.2.1 Characterization of alumina nanofiber membranes 
Fig. 3. FESEM images of the membrane surface of (a) a porous α-alumina support, (b) a 
silane-grafted fiber membrane, and (c) the enlarged image in the local area of (b). 
 
The FESEM images show the surface morphology of the original support and the 
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silane-grafted alumina nanofiber membrane (Figure 3). The surface of porous support is rather 
rough with large pores of micron-scale. After coated with nanofibers on the surface, the support has 
been completely covered with fibers even though topography of the original support can still be 
identified. The enlarged image locally shows further the well-dispersed fiber layer on the surface. 
The alumina nanofiber layer has dramatically reduced the pore size of the resultant membranes 
without any obvious pin-holes and cracks.  
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Fig. 4. The FTIR spectra of (a) a porous α-alumina support, (b) silane (APTES), and (c) a silane- 
grafted fiber membrane. 
 
 
Fig.5. The contact angle of (a) a porous α-alumina support and (b) a silane-grafted fiber membrane. 
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Figure 4 shows the infrared spectra of alumina nanofiber membranes. The amounts of alumina 
fibers grafted on the surface of the support are very small, relative to the background of the 
α-alumina support. Thus, the samples were collected by scratching the surface of a silane-grafted 
fiber membrane and pressed the collected powders into a KBr pallet. For a silane-grafted fiber 
membrane, the bands at 2861 cm-1 and 2925 cm-1 correspond to the –CH2– asymmetrical and 
symmetrical stretching vibrations of APTES (Fig.4c). The bands at 1027 and 1120 cm-1 represent 
the Si-O-C vibrations in APTES [39,40]. Thus, FTIR spectra confirmed the silane groups were 
grafted on the surface of fiber membranes. 
To compare the wetting property of the membranes, the contact angles of a blank support and a 
silane-grafted fiber membrane were measured (Figure 5). The water contact angle is only 16o for the 
original porous support. In contrast, after grafting with the silane groups, the contact angle 
increased to 136o, indicating a highly hydrophobic surface achieved [41,42]. The contact angle 
analysis illustrated that the silane groups have been successfully grafted on the γ-alumina fiber 
membrane and modified the hydrophilic surface to hydrophobic. 
3.2.2 Pure water flux 
To evaluate water permeability of the membranes, the water flow rate was measured at applied 
pressures. The water flow rate is determined by the equation Jw = Q/(AT), where Jw is the water flow 
rate (Lm-2h-1), Q is the volume of water permeated (L), A is the effective membrane area (m2), and 
T is the sampling time (h). Figure 6 shows the water flow rates through the membranes as a function 
of applied pressure. The water flow rates are proportional to the applied pressure for all these 
membranes. The porous support exhibited a high water permeability at relative low pressure and the 
average pure water flux approached 800 L·h-1·m-2·bar-1. After the supports were coated with the 
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nanofibers on the surface, the flux reduced to approximate 360 L·h-1·m-2·bar-1. When the silane 
groups were grafted on the surface of nanofiber membranes, the surfaces were modified to have a 
hydrophobic property, and thus the water flux was reduced by an order of magnitude up to 48 
L·h-1·m-2·bar-1.  
To determine the critical factor on the membrane filtration performance, the pore size and 
surface property of a γ-alumina fiber membrane were analyzed quantitatively, compared with those 
of a silane-grafted fiber membrane. Figure 6 shows that the water flow rates are proportional to the 
increase of applied pressure (0.1-1.2 bar). With a premise that this tendency is general in the range 
of applied pressures (less than 1.2 bar), the water flow curves could be computationally extrapolated 
to zero flow rates. The corresponding breakthrough pressures for various membranes are 0.04 bar, 
0.05 bar and 0.2 bar, respectively. Even though the data of breakthrough pressure are not practically 
measuring values, the contributions of the pore size to membrane performance can be generally 
estimated according to Young-Laplace equation ΔP = 2γ·cosθ/r, Where ΔP is the breakthrough 
pressure, γ is the interfacial tension of water and air, θ is the wetting angle and r is the effective 
radius. In this case, the self-assembled monolayer of silane is only 0.9 nm [43,44]. When the 
effective radius is 5.5 nm, theoretic radius after grafting silane should be 4.6 nm, thus the pressure 
for a silane-grafted fiber membrane is only 1.2-fold as a membrane before grafting. However, 
Figure 6 shows that the breakthrough pressure for a silane-grafted fiber membrane is four times as 
that for the membrane before grafting. Therefore, the narrowed pore size originated from the 
self-assembled monolayer of silane only contributed to small increase of the breakthrough pressure, 
which implies that another factor plays a critical role. These results indicated that the changes of 
pure water fluxes can be largely attributed to the hydrophobic surface of the resultant membranes 
while the changes in pore size also play a moderate role.  
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Fig. 6. Water flow rates through membranes as a function of applied pressure: (a) a porous 
α-alumina support; (b) a γ-alumina fiber membranes and (c) a silane-grafted fiber membrane. The 
inserted image is calculated pure water flux of various membranes. 
3.3 Pore-size distributions of nanofibre membranes 
The pore size distributions and separation efficiency of the membranes were tested and the 
results are displayed in Figure 7. The pore size distribution of the original porous support is 
centered on 700 nm (with the pore radius shown on the Figure 7A). It has been remarkably 
improved by adding a nanofiber layer. γ-alumina fiber membranes have pore sizes around 11 nm, 
similar with those of silane-grafted fiber membranes (not shown). Figure 7B showed the molecular 
retention curves of a support, a γ-alumina fiber membrane and a silane-grafted fiber membrane. 
Based on the equation: a=0.33·M0.46, the diameter of dextran can be calculated, where “a” is the 
molecular radius in Å and “M” is the molecular weight of dextran in g mol-1 [45,46]. The diameter 
of dextran is 4.5 nm for molecular weight of 10 kDa, 8.6 nm for molecular weight of 40 kDa, 11 nm 
for molecular weight of 70 kDa, and 28 nm for molecular weight of 500 kDa. The silane-grafted 
fiber membrane exhibit better separation efficiency with the rejection obtained 91% for the dextran 
of 70 kDa. The molecular weight corresponding to dextrans with the rejection over 90% is termed 
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as the cut-off molecular weight. Thus, both γ-alumina fiber membranes and silane-grafted fiber 
membrane showed excellent separation efficiency with the MWCO of 70 kDa. 
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Fig. 7. (A) Pore size distributions of various membranes: (a) a porous α-alumina support and (b) a 
γ-alumina fiber membrane. (B) Retentions of dextrans by gel permeation chromatography with 
different membranes. (a) a porous α-alumina support (b) a γ-alumina fiber membrane and (c) a 
silane-grafted fiber membrane. 
3.4 Protein separation performance  
Fig. 8. Protein separation efficiency of fiber membranes: (a) a porous α-alumina support (b) a 
γ-alumina fiber membrane and (c) a membrane coated with the silane grafted alumina nanofibers. 
(A) BSA separation efficiency of various membranes; (B) Cellulase separation efficiency of various 
membranes; and (C) Trypsin separation efficiency of various membranes. 
 
BSA (M.W. 66 kDa), cellulase (M.W. 45 kDa) and trypsin (M.W. 23.8 kDa) were used to test 
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the membrane performance for proteins separation. Figure 8 displays the rejection efficiency of 
membranes to BSA protein, cellulase and trypsin. The results indicated that the porous support has 
very little rejection to BSA at all concentrations studied, yet the rejecting ability has been improved 
when alumina nanofibres were coated. The silane-grafted alumina fiber membrane exhibits 
remarkable retention ability to BSA protein with the rejection ratio is close to 100%. It is also able 
to reject 92% of the cellulose and 75% of trypsin at the concentration of 400 ppm. With the increase 
of feeding concentrations of various proteins, the retention efficiency tends to decrease.  
The hydrophobic surface significantly enhanced the selectivity of γ-alumina fiber membrane as 
the soluble proteins are hydrophilic. It may bring about a repulsive effect by hydrophobic groups in 
the membrane surface. In contrast, the rejection efficiency of γ-alumina fiber membrane to BSA is 
between 58% and 36% with various feeding concentrations, dramatically lower than the rejection 
(above 80% in Fig. 7b) in dextrans of 70 kDa even though the dextrans and BSA protein have 
similar molecular weights. The difference in membrane filtration can be ascribed to the space 
dimension of BSA of 14×3.8×3.8 nm which is approximately smaller than the size (11 nm) of 
dextrans of 70 kDa [25]. 
 
4. Conclusions 
The boehmite nanofibres were synthesized by a hydrothermal reaction from alumina colloidal 
gels. The boehmite nanofibers were approximate 500 nm in length and 10 nm in width. The 
nanofibres were strongly attached to the porous supports by a spinning-coat technique and 
subsequent calcinations to be transformed into γ-alumina phase, confirmed by XRD analysis. 
APTES groups were grafted onto the surface of γ-Alumina layers and modified the surface with 
hydrophobic property. The surface modification with silane grafting was confirmed by FTIR spectra 
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and contact angle analysis. 
The size distribution characterization indicated that the high permeate efficiency of γ-alumina 
fiber membrane (as well as silane-grafted fiber membrane) with an average pore size of 11nm. Pure 
water fluxes and dextrans of different molecular weights were introduced to test the resultant 
membranes. γ-alumina fiber membranes showed excellent separation efficiency with the MWCO of 
70 kDa and a permeation flux of 360 L·h-1·m-2·bar-1. 
Proteins BSA, cellulase and trypsin were employed in the test of protein separation. It 
demonstrated that the silane-grafted alumina fiber membrane can reject 100% BSA proteins and 92% 
cellulase. It can also retain 75% trypsin proteins at the concentration of 400 ppm and maintain a 
permeation flux of 48 L·h-1·m-2·bar-1. The research progress should be of significance for the 
development of new materials in membrane science and protein engineering. This study indicates 
that the great potential of ceramic nanofiber membranes for the real application of protein 
separation in terms of high flux, prominent selectivity and feasible surface modifications.  
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Figure captions 
 
 
 
Figure 1. TEM images of boehmite fibers (a) and selective area electronic diffraction (b). 
 
Figure 2. XRD patterns of (a) boehmite fibers (b) γ-alumina fibers and (c) silane-grafted alumina 
fibers. 
 
Figure 3. FESEM images of the membrane surface of (a) a porous α-alumina support, (b) a 
silane-grafted fiber membrane, and (c) the enlarged image in the local area of (b). 
 
Figure 4. The FTIR spectra of (a) a porous α-alumina support, (b) silane (APTES), and (c) a silane- 
grafted fiber membrane. 
 
Figure 5. The contact angle of (a) a porous α-alumina support and (b) a silane-grafted fiber 
membrane. 
 
Figure 6. Water flow rates through membranes as a function of applied pressure: (a) a porous 
α-alumina support; (b) a γ-alumina fiber membrane and (c) a silane-grafted fiber membrane. The 
inserted image is calculated pure water flux of various membranes. 
 
Figure 7. (A) Pore size distributions of various membranes: (a) a porous α-alumina support and (b) 
a γ-alumina fiber membrane. (B) Retentions of dextrans by gel permeation chromatography with 
different membranes. (a) a porous α-alumina support (b) a γ-alumina fiber membrane and (c) a 
silane-grafted fiber membrane. 
 
Figure 8. Protein separation efficiency of fiber membranes: (a) a porous α-alumina support (b) a 
γ-alumina fiber membrane and (c) a membrane coated with the silane grafted alumina nanofibers. 
(A) BSA separation efficiency of various membranes; (B) Cellulase separation efficiency of various 
membranes; and (C) Trypsin separation efficiency of various membranes. 
 
 
 
